Sequence databases are powerful tools for the contemporary scientists' toolkit. However, most functional annotations in public databases are determined computationally and are not verified by a human expert. While hypotheses generated from computational studies are now amenable to experimentation, the quality of the results relies on the quality of input data. We developed the CaspBase to expedite high-quality dataset compilation of annotated caspase sequences, to maximize phylogenetic signal, and to reduce the noise contributed from public databanks. We describe our methods of curation for the CaspBase and how researchers can acquire sequences from CaspBase.org. Our immediate goal for developing the CaspBase was to optimize the ancestral protein reconstruction (APR) of caspases, and we demonstrate the utility of the CaspBase in APR studies. We also developed the Common Position (CP) system for comparing human caspase family paralogs and suggest the CP system as an update to current reporting methods of caspase amino acid positions. We present a standardized multiple sequence alignment (MSA) for the CP system and show the advantage of using large databases such as the CaspBase in defining structural positions in proteins. Although the results described here pertain to caspase evolution and structure-function studies, the methods can be adapted to any gene family.
Introduction
The advent of next-generation sequencing paved the way for a new field of study, called evolutionary biochemistry, where researchers attempt to understand how random chance, selection pressure, and physical laws determine the structure and function of protein families. 1 Computational concepts of evolutionary biochemistry, like ancestral protein reconstruction (APR), were conceived over 50 years ago. [2] [3] [4] In practice, however, experiments were limited due to the lack of sufficient sequence data. In APR, one uses extant genomic data to predict amino acid usage in common ancestral genes based on phylogenetic relationships of a protein family across various organisms. 5 Only in recent years has sufficient genomic data become available for large-scale multi-group APR analyses. The reconstructed proteins of an APR analysis provide testable hypotheses; however, the certainty of such computational predictions depends on the quality of the initial input dataset as well as the accuracy of the multiple sequence alignment (MSA). Three main factors contribute to the poor quality of public databases: the lack of experimental evidence, the inclusion of multiple isoforms, and the lack of pseudogene prediction. First, the addition of RNAseq data in lieu of cDNA reference genomes has led to discrepancies in the number of expressed human genes reported in various public databanks. 6 As little as 1.1% of the annotations within available genomes are supported by experimental evidence, 7 and current genome annotation methods correctly predict 40-50% of genes that are actually expressed. 8, 9 Second, annotated genomes that contain multiple isoforms of the same gene generally lack experimental evidence of gene expression, relying instead on computationally predicted open reading frames (ORFs). The inclusion of multiple isoforms and/or duplicate sequences into a dataset contributes to "phylogenetic noise" and lowers the phylogenetic resolution relative to the sample size. 10, 11 The "phylogenetic signal" refers to the likelihood of genes in closely related organisms to resemble each other more than genes chosen at random from a dataset. 12 Thus, sequences with poor phylogenetic representation of a group are more likely to introduce phylogenetic noise into subsequent analyses. Finally, pseudogenization results in gene loss from the population when unfavorable mutations reduce or even nullify the functionality of the protein or when the gene has no effect on fitness. 13 In the caspase family, for example, Caspase-12 is considered an example of a gene in the process of pseudogenization due to introduction of a null allele. 14 Even among closely related organisms, the number of expressed caspase genes is constantly evolving. 15 The likelihood of computational algorithms to include genes undergoing pseudogenization is probable; 6, 16 however, the inclusion of pseudogenes in a dataset contributes to phylogenetic noise and diminishes the certainty of downstream analyses. One way to improve the confidence in an annotation is to use conventional computational gene prediction methods followed by inspection by a human expert. 8 By incorporating confident annotations, manually curated sequence databases address some of the shortcomings of public databases and improve computational biology by reducing phylogenetic background bias and noise. 17, 18 We manually curated a sequence database, called the CaspBase, to help understand how members of the caspase family evolved discrete cellular functions while retaining high structural similarity. Here, we introduce CaspBase.org, a web application that provides convenient access to our databases of caspase proteins from annotated animal genomes. Our immediate goal in developing the CaspBase was to expedite large-scale computational analyses by facilitating the dataset compilation process, while simultaneously maximizing phylogenetic signal for the purpose of inferring ancestral states.
Caspases, or the clan CD 14 peptidases, are named for their most prominent functional feature, that is, the presence of a catalytic cysteine-histidine dyad for cleaving peptides after aspartate residues 19 .
Human cells contain multiple caspases that are broadly separated into three subfamilies, the inflammatory caspases (-1, -4, -5), the apoptotic initiator caspases (-2, -8, -9, -10), and the apoptotic effector caspases (-3, -6, -7). Caspase-14 has been implicated in cell differentiation, 20 and Caspases-11 and -13 are misnomer duplicates of Caspase-4 present in rodents and bovine, respectively.
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With an expanding database of non-human genome sequences, the nomenclature system used to organize human caspase proteins, based on the human Caspase-1 amino acid positions, 21, 22 is not sufficient to organize all caspase homologs. Many annotations group together caspases within gene groups that share the same name based on similarity and do not take into consideration the present evolutionary track these proteins are on, for example pseudogenization. We describe the CP system as an improved naming convention for amino acid positions that addresses the complications of the current Caspase-1 naming convention. The CP system is based on structurally informed sequence alignment, and its adoption would facilitate sequence analysis of homologous proteins. To this end, we provide an assessment of position-based sequence conservation for human caspases among all chordate sequences available in the CaspBase. Extant proteins are snapshots in evolutionary time, so reconstructing ancestral states is useful to understand the current configuration of intramolecular interactions. 1 In APR experiments, low confidence, or ambiguity, at a given amino acid, position is typically attributed to insufficient sequence data, uncertain gap placement in the MSA, poor estimation of tree topology (phylogenetic noise), or the extent of sequence divergence relative to tree articulation (phylogenetic bias). 23 Using data from the CaspBase, we describe the utility of the database by analyzing levels of sequence conservation among caspase homologs, and we discuss how the CaspBase lends itself to evolutionary biochemistry and APR analysis of common caspase ancestral proteins.
Results
The development of CaspBase (caspbase.org) was motivated by a lack of high-quality, curated sequence resources for caspase proteins. Here we describe the construction of the caspase database and demonstrate its utility for multiple sequence alignment and ancestral sequence reconstruction. We also provide an overview of sequence conservation based on our improved alignment of caspase proteins from chordate taxa. In addition, we propose a new position numbering system to ease the comparisons between human caspase family paralogs.
The CaspBase
CaspBase.org provides access to both uncurated and curated databases of caspase protein sequences. The uncurated database was constructed by extracting all protein sequences annotated as caspases from all animal RefSeq genomes available at NCBI (see Methods section). The uncurated database contains 6676 caspase sequences from 361 taxa ( Table S1 ).
The curated database was constructed by applying a set of filtering steps to sequences present in the uncurated database (see Methods section and Fig. 1) . Briefly, to be included in the curated database the following criteria had to be met: (1) the presence of the catalytic cysteine-histidine dyad; (2) the presence of the active-site residues that specifically coordinate aspartate found in the P1 position of the substrate; and (3) the presence of data for the dimer interface (Fig. 2) . The standard workflow of the curation process performed for caspase sequences from every genome is illustrated in Figures 1 and S2 . As a final check for sequence quality, we examined the placement of caspase sequences within the phylogeny. Some sequences were not included into the curated database, for example metacaspases, nonfunctional proteins and other decoys, as described in Methods section. The list of all excluded sequences (3797) along with the reasons for exclusion is provided in Table S1 .
The curated database of caspase proteins currently contains 2880 caspase sequences. These sequences represent 32 caspase types from 11 phyla, 26 classes and 353 species [Figs. 3(A) and (B) and S5]. CaspBase provides access to a searchable database of curated caspase proteins (caspbase.org). Users can download sequences in FASTA format by selecting species names, phylum_class, caspase type or any combination of these search terms [ Fig. 3(C) ].
CaspBase users should be aware that some caspases in the database are annotated as "N-like" (where "N" is any human caspase-type) because we kept the original annotation from the NCBI database. N-like sequences may be the result of gene duplication, or they may be in the process of pseudogenization. 15 Many N-like sequences were omitted from the CaspBase because they did not meet our curation criteria, but the CaspBase does include some sequences that might not be ideal for every analysis.
Multiple sequence alignment
The goal of a multiple sequence alignment in the context of evolutionary analyses is to identify homologous positions, and the difficulty of this task grows as the divergence between sequences increases. There are at least two ways to improve MSA in this situation: one can provide structural information to guide the alignment 24 and one can include additional sequences. 25 We used both of these improvement strategies to construct a MSA of 1481 chordate sequences using PROMALS3D (see Methods section). The human portion of the alignment is referred to as Human_MSA (Supplemental File 2: Human_MSA.fasta) and the full alignment is referred to as All_Chordate_MSA (Supplemental File 3:All_Chordate_MSA.fasta).
CP numbering system
Currently, the comparison between human caspase paralogs is based on human caspase-1 amino acid positions. For example, active site Loop 4 (L4) varies in length among human caspase subfamilies, with the largest L4 found in the effector Caspase-3 subfamily. In 2004, Fuentes-Prior and Salvesen suggested that insertions in the loop utilize the Caspase-1 numbering convention, where the loop begins with F381. 22 In this case, the insertions in human
Caspases-3, -6, and -7 were named using the amino acid code, loop starting position of human Caspase-1, and lowercase alphabetical marker beginning with "a." For example, phenylalanine 250 in Caspase-3 would be identified as Phe-381c using the Caspase-1 numbering convention. At the time of the earlier proposal, very few caspases had been identified outside of human and a few model systems such as mouse, C. elegans and Drosophila. Now, with several thousand caspase sequences available from hundreds of species, the numbering system based on human Caspase-1 is insufficient to describe all caspases in all species, primarily due to the varying lengths of insertions and deletions in numerous regions of the proteins. A naming convention should describe the conserved positions in multiple species as well as the less conserved regions of insertions/deletions and prodomain. To this end, we propose a new naming scheme, called the CP system, based on the structurally validated CP_MSA alignment. In this system, each position in the alignment is classified as either pro-domain (PD) Table I ]. The proposed CP system offers a unified way of referring to amino acid positions in all caspases because it is not based on the positions of a single caspase. With the CP system, one can more easily describe loop positions because the system is not based on a caspase with short active site loops as found in Caspase-1. The structure-based MSA is more reliable regarding gap placements, so the CP system is based on CPs observed in 10 human caspases. The CP system also accounts for the variable lengths of the pro-domains. Using the example described above, in the CP system, Caspase-3 F250 is GP9-03 (Fig. 4) . The position is also present in Caspases-6, -7, -8, -10, and -2, but it is absent in Caspases-9, -1, and -4. Finally, insertions in Caspase-1 such as R391 in the dimer interface [ Fig. 5 (C)] would not have corresponding numbers in other caspases. In the CP system, the insertion is placed into a gap (GP10) that is unique to Caspases-1 and -4, rather than skipping the position number 391 in all other caspases, as would occur in the caspase-1 numbering system.
Conservation of caspase proteins
We used the All_Chordate_MSA (Supplemental File 3: All_Chordate_MSA.fasta) to calculate the percent identity at each position of alignment for all chordate sequences as well as for every caspase type (see Methods section). This information was used to evaluate the extent of conservation among caspase proteins. Table II records the percent of conservation for each caspase type, calculated by dividing the number of residues that are over 80% conserved in a given set of analyzed sequences by the number of residues with 100% occupancy in the caspase domain. Caspase-7 sequences show the highest level of conservation (71%), while Caspase-14 sequences are the least conserved among all caspase types analyzed (31%). When comparing all caspases, there are only 33 conserved residues among 218 amino acids of the protease domain (15%). The majority of these conserved residues are clustered in the active site and at the base of the enzyme [ Fig. 6(A) ]. The highly conserved regions likely result from the similarity in substrate binding (active site), particularly the requirement for a P1 aspartate in the substrate, and the conservation of an allosteric site (base of protein), which is phosphorylated in most caspases. 26 The percent identity for each position from All_-Chordate_MSA was also integrated with the CP_MSA to generate a table that records how well every position in the human caspase alignment is conserved among all chordate sequences, both between and within each caspase type (Supplemental File 5: Conservation_CP_MSA.xlsx). For example, we compared 614 sequences for effector Caspases-3, -6, and -7 from chordates, which represent a subset of the 1481 sequences in the All_Chordate_MSA. When considering the conservation levels in the effector caspases, one observes that the hydrophobic core and substrate-binding pocket show the highest levels of conservation, while two active site loops (called L1 and L4) as well as α-Helices 2 and 3, on the protein surface, show the lowest levels of conservation [ Fig. 6  (B) ]. The data are also presented as a sequence logo for the 614 chordate effector caspases, with secondary structure, active site loops, and CP noted above the sequences (Fig. 7) . The results are consistent with well-conserved β-strands in the core of the protein with more variable α-helices on the protein surface. The data also show that the intersubunit linker (GP7), which is cleaved during maturation, is the least conserved region of the protease domain. In addition, the length of L4 is conserved within caspase subfamilies, but the sequences are less conserved. For example, the longest L4 loops are found in the effector caspase subfamily, and a shorter L4 is observed in the inflammatory subfamily including Caspase-1. The shorter L4 in Caspase-1, for example, allows for selection of the larger tryptophan residue at the P4 position of substrates. 27, 28 While the length of L4 is conserved in effector caspases, five positions in the loop sequence are not well conserved (Fig. 7,  GP9 ). Together, the data suggest that the length and the precise sequences of L4 are important for determining enzyme specificity through selection of the P4 residue of the substrate. Finally, while the β-strands in the protein core are conserved, the three short surface β-strands (β 1 -β 3 , Fig. 7) are not conserved. The region is important for connecting the catalytic histidine in the active site to helix 3 on the protein surface. Together, strands β 1 -β 3 and α-Helices 2 and 3 are part of an allosteric mechanism that inactivates Caspase-6 through a coil-to-helix transition. 29, 30 In addition, Helix 3 is part of an allosteric network in Caspase-3 that connects a conserved phosphorylation site at the base of the protein [ Fig. 6(A) ] to the active site, 26 through strands β 1 -β 3 . Altogether, the data show that the caspase-hemoglobinase fold can be characterized as a well-conserved core and substratebinding pocket, with lower conservation in two active site loops and allosteric sites. The lower conservation in allosteric networks connecting a conserved Table I . CARD refers to caspase activation and recruitment domain, and DED refers to death effector domain. (C) Structural evidence for GP1 (N-terminus) and GP10 (dimer interface) in caspase-1 (cyan).
allosteric site to the active site may provide mechanisms for the evolution of species-specific allosteric regulation and fine-tuning of activity.
Ancestral protein reconstruction
APR is a powerful tool in protein evolution studies and can be used to infer residues that are most likely to contribute to changes in protein function. Caspases are an attractive model to examine protein evolution because both subfunctionalization and neofunctionalization are observed in the evolution of the dimeric state of the effector caspases, in variations of enzyme specificity among the three caspase subfamilies, and in unique allosteric sites that result in fine-tuning caspase activity. In order to demonstrate the utility of the CaspBase in ancestral reconstruction, we studied the evolution of Caspase-3a and Caspase-3b proteins in zebrafish. Among caspase proteins, there are three features that are highly conserved: the hemoglobinase fold, the orientation of the catalytic dyad (cysteine and histidine), and the specificity for aspartate in the S1 pocket. 31 While retaining these structural features, caspase substrate specificity is determined primarily by the amino acid in the P2-P4 positions of the substrate. The caspases are also classified by their preference of amino acid at P4, 28 where Group I caspases prefer bulky residues (W/H/Y), Group II caspases prefer charged residues (D/E), and Group III caspases prefer aliphatic residues (I/L/V) at the P4 site of the substrate. The substrates are also classified as Group I, II, or III based on the corresponding caspase recognition. Danio rerio (zebrafish) is an excellent model system to examine differentiation and development. [32] [33] [34] The genome of teleost fish was duplicated approximately 250 million years ago, 35 although many of the duplicated caspases appear to be lost as evidenced by their absence from NCBI genome annotations. However, several species maintain duplicates that appear to be fixed, including D. rerio. The genome duplication resulted in two Caspase-3 genes, called Caspase- 7 loop between e1`and e2`Unique Caspase-9 insertion (Fig. 5(A) ) GP6 6 loop between e2`and e3`Caspases-1, -4 insertion (Fig. 5(A) Length refers to number of amino acids in the gap; "e" refers to β-strand, and h refers to α-helix; L1, L4 refer to active site Loops L1 and L4. 3a and -3b, in the genome of zebrafish. We showed previously that Caspase-3a from D. rerio exhibits relaxed specificity for Group II and III substrates, where substrates with either aspartate or valine in the P4 position are acceptable. 36 In contrast, much less is known about the substrate specificity of D. rerio Caspase-3b. Thus, at least one Caspase-3 gene in zebrafish exhibits properties that differ from those of human Caspase-3, and the zebrafish system provides an opportunity to examine protein evolution within the same organism as well as between fish and humans. We used the CaspBase to generate a dataset for reconstructing the common ancestor of D. rerio Caspases-3a and -3b (see Methods section). The results for the APR are summarized in Figures 8 and  S6 . The experiment was designed to purposefully maximize the number of nodes between D. rerio Caspases-3a and -3b on the phylogenetic tree. We obtained the "tree in ancestor format" output from the FastML server, and the results were used to identify the nodes between D. rerio Caspases-3a and -3b [blue and green trajectories in Figs. 8(A) and 6(A)],   and nodes 68, 69, 70, 73, 74, 75, 82 , and 83 were pulled from "sequences of the joint reconstruction" file, also from the FastML server. The nodes were then organized so that the common ancestor (CA, Node 68) was centered in the MSA [Figs. 8(A) and S6(B)]. Although there are 90 differences out of 243 positions between D. rerio Caspases-3a and -3b, only 40 residues diverged from the CA to Caspase-3b. An analysis of the zebrafish Caspase-3 proteins suggests that nine amino acids are functionally divergent [ Fig. 8(B), spheres] . Three of the nine positions are in the active site, and may be important for substrate selection [ Fig. 8(B) , spheres in L3 and L4], and the remaining sites are in allosteric sites that have been shown to be part of allosteric networks in human Caspase-3, 26, 37 and regions of phosphorylation (Nand C-termini). 38, 39 Of the three positions in the active site, two of the positions are in the substrate binding loop, while one position is located in active site Loop 4 and makes contacts with several loops that stabilize the active site, the so-called "loop bundle". [40] [41] [42] Together, the data show that rather than analyzing the 90 sites that differ between the two proteins, a smaller number of sites appear functionally divergent and may affect enzyme specificity or allosteric regulation. Thus, a more rational and targeted approach may be used to examine the sites through the reconstruction of ancestral nodes between the zebrafish Caspase-3 proteins. Finally, prior to synthesizing the inferred sequences at each ancestral node, the large dataset from the CaspBase is useful to demonstrate the robustness of the inferred ancestral sequences to statistical uncertainty through generating multiple sequences at ambiguous sites or for constructing the "worst-plausible" sequence, which examines all ambiguous sites simultaneous. 43 
Discussion
We developed the CaspBase as a tool to rapidly disseminate organized caspase sequence data. The CaspBase includes all animal species with currently available annotated genomes in the NCBI genome database (as of December 2017), and it will be updated as new sequence data is made available. The CaspBase offers researchers the ability to rapidly compile large informative datasets, which serves to improve all downstream computational analyses, and both the curated and un-curated sequences are available to download from caspbase.org. In order to ease the comparisons of homologous positions between members of the multigene caspase protein family, we developed the alignment-based, CP numbering system. The suggested CP numbering convention is particularly useful for comparing amino acid sequences with additional data for evolutionary constraints. A standardized MSA will serve to improve the reproducibility of experiments conducted by evolutionary biochemistry, and we present structural evidence for correct gap placement in several caspases. Characterizing the caspase GPs is an important new concept in characterizing caspases from all species, and it is likely that other protein families could benefit from their own CP system. The CaspBase lends itself to compiling large datasets that are easily parsed and modified for any project related to the caspase gene family, and the methods described here can be adapted to any protein family.
Evolutionary biologists seek to understand how genes came to be, and biochemists seek to understand how genes or gene products function as they are. Databases such as the CaspBase serve as important conduits between computational studies that generate hypotheses and experimental studies that test the hypotheses. Experiments aimed at determining the structure-function relationship between functionally diverse protein families have historically used "horizontal mutations," defined as swapping putative functionally important residues in closely related proteins and assessing the effect on structure and/or function. 1 In 1970, however, John Maynard Smith described protein sequence space, and evolution, as a walk from one functional protein to another in the space of all possible protein sequences. 3 Horizontal mutations do not abide by Maynard's description, and studies that investigate such mutations may not address the historical context of the site of interest. That is, single point mutations are unlikely to thoroughly investigate the complexity of functional fitness landscapes because the optimal amino acid at any given position is context dependent. 44, 45 In other words, the within-protein epistatic contribution of free energy from a single mutation may alter biological activity through unforeseen perturbations to the free energy landscape that do not reflect reality. The changes in amino acids from one ancestral node to the next are considered "vertical mutations and represent functional states along an evolutionary trajectory. 23 Resurrecting and characterizing each node along two diverging trajectories, such as described here for D. rerio Caspases-3a and -3b, would reduce the number of residues that are potentially involved in the functional divergence of their relative substrate specificities. This approach is akin to "reverse engineering" protein evolution, and it is complimentary to directed protein evolution methods. 46 Because APR is a heuristic science, the computational predictions will improve with increased experimental validation. High quality databases such as that described here for the CaspBase are important tools to maximize the confidence of an APR analysis. Nonetheless, ambiguities in the reconstruction are most likely to occur in regions of the protein that are solvent exposed or otherwise lack functional evolutionary constraints; thus, ambiguity at such locations is less likely to deviate from biological reality. Repetition of analysis reduces ambiguity by increasing confidence through corroboration, and high-quality, annotated databases, such as the CaspBase, ultimately serve to enhance our understanding of the sequence-to-function relationship.
Methods

Curation of the database
Two databases of caspase proteins, uncurated and curated, are made available through CaspBase.org. The uncurated database contains 6676 protein sequences with caspase annotation from 361 animal genomes available at NCBI on 12 December 2017 (Supplemental File 1: CaspBaseDB_full.txt). The following steps were used to construct the database. First, we downloaded GFF3 files from NCBI Assembly (https://www.ncbi.nlm.nih.gov/assembly) for all RefSeq animal genomes. Second, we extracted protein accession numbers (protein_id) from the lines of GFF3 files that contain the word "caspase" but not "activation inhibitor," "activity and apoptosis inhibitor" or "recruitment domain-containing" in the value of the "product" tag in the "attributes" column of GFF3 files. Third, we used the list of resulting accession numbers to obtain protein sequences in FASTA format. Fourth, we mapped taxon ID from each GFF3 file to taxonomy using taxdmp file available at: ftp://ftp.ncbi.nlm.nih. gov/pub/taxonomy/. The resulting database contains unique protein accession numbers associated with product annotation from GFF3 files, taxonomy, and FASTA sequences. Additional details, including the code used to generate the uncurated database, are provided in Supplementary Material (Fig. S1) .
The curated database contains 2879 protein sequences from 353 taxa. The FASTA file for each genome was curated using the MEGA 7.0 alignment editor. 47 Sequences were selected from the uncurated database and identified as functional caspases based on the following methods and criteria. First, "partial," "LOW QUALITY," or annotations that are not caspases such as "metacaspases" were omitted. Sequences shorter than 240 amino acids, duplicate sequences, and sequences that include characters (X, J, or B) were also omitted. Protein sequences with accession numbers that start with XP_ are computationally predicted from genomic data. Protein sequences with accession numbers that start with NP_ are experimentally supported and curated, thus were preferentially included in the CaspBase if there were duplicate copies of a gene (Figs. 1 and S2 ). The resulting sequences were aligned with MUS-CLE using a gap opening penalty of 6.9 and other parameters kept at default. 47 The dimer interface containing β-strand 6 of the caspase central core is typically within 20 amino acids of the C-terminus. Sequences were omitted if data were missing for β-strand 6 in the sequence alignment (Fig. 1) . The catalytic residues, histidine (CP-H075) and cysteine (CP-C117), were checked for their presence. Finally, sequences were included in the database if they contained two out of three amino acids known to coordinate the P4 aspartate residue in the active site (CP-R018, CP-G020, and CP-D024) ( Figs. 1 and 2) . Genes with multiple predicted isoforms were assessed for the optimal isoform to maximize phylogenetic signal. For example, XP_ isoforms with similar length to that of the human NP_ caspases were typically selected for inclusion in the CaspBase. Otherwise, the longest isoform was chosen by default if no evidence was observed to the contrary. In some cases, longer isoforms opened a gap in the caspase domain, so the shorter isoform was preferentially chosen (Fig. 1) . To further check for errors and problematic sequences, a phylogenetic tree for the entire CaspBase was generated to elucidate any errors not easily observed by eye. The tree was generated with the maximum-likelihood (ML) framework using IQTREE (http://www.iqtree.org/) 48 (Fig. S3) . The putative placement of genes is known a priori, because ML methods take branch length into account. The phylogenies generated in this manner were used to identify sequences with incorrect placement within the tree given the specific caspase-type. All sequence accession numbers that were removed from the CaspBase were recorded in a separate excel file along with the reason for sequence exclusion (Table S1 ).
Caspase alignments and the CP system
The CP system is based on the structure-guided multiple sequence alignment of 1481 sequences from chordate species available from the CaspBase (caspase -1, -2, -3, -4, -6, -7, -8, -9, -10, and -14). The FASTA file with the 1481 sequences from our database was superficially aligned in MEGA using MUS-CLE. 47 All but the human caspase sequences were then removed, and the resulting FASTA file was aligned by structure in the PROMALS3D online server 24 (http://prodata.swmed.edu/promals3d/ promals3d.php) to generate a structurally informed multiple sequence alignment (MSA) with PDB IDs: 1IBC (Caspase-1), 3R5J (Caspase-2), 2J30 (Caspase-3), 3OD5 (Caspase-6), 3KJN (Caspase-8), and 1JXQ (Caspase-9). The remaining alignment was vetted and manually adjusted to match the PDB structures as necessary. The resulting alignment is referred to as the Human_MSA (Supplemental File 2: Human_MSA.fasta). We then used the Human_MSA as "user-defined" constraints and aligned all chordate sequences in PROMALS3D again to confirm that the first residue in the proposed CP numbering system, CP-Y001, as well as the gap residues, were properly aligned. We refer to this alignment as All_Chorda-te_MSA (Supplemental File 3: All_Chordate_MSA. fasta).
The CP system is based on Human_MSA. First, we removed all gaps within the alignment that we introduced by the addition of chordate sequences. Second, we removed all gaps in the prodomain sequences, effectively unaligning the prodomain portion of the alignment because it is extremely variable and best left unaligned for the purposes of the CP naming system. The resulting alignment is referred to as CP_MSA (Supplemental File 4: CP_MSA.xlsx). Each position in CP_MSA is assigned to one of the three position types: positions in the prodomain (PD), GP, and CPs. CPs are defined as positions with 100% occupancy within the caspase domain of human caspases, and GPs are positions with <100% occupancy. The first CP is a highly conserved tyrosine residue, referred to as CP-Y001. Amino acids preceding CP-Y001 make up the prodomain and are labeled sequentially PD-MXXX through PD-001, independent of the alignment, where PD-001 represents the amino acid in the prodomain closest to CP-Y001, and XXX is the length of the prodomain. For example, using the CP system, we refer to the first residue (methionine) in human Caspase-3 as PD-M036. GPs are numbered sequentially in the order they appear within the caspase domain and are identified by the gap number and two-digit GP number within each gap (Table I) . We note that the single letter amino acid code is used only when the site is 100% conserved.
Levels of sequence conservation among caspases
One can quickly assess how well every position in human caspases is conserved across chordates by analyzing All_Chordates_MSA (Supplemental File 3: All_Chordate_MSA.fasta). An R script (Fig. S4 ) was written to calculate the percent identity and percent occupancy (gapped or not gapped) for each position of the All_Chordates_MSA. We also ran the script separately on each caspase type. The results of this analysis are integrated with CP_MSA (Supplemental File 5: Conservation_CP_MSA.xlsx) to generate a table that can be used to view how well every position in the human caspase alignment is conserved among all chordate sequences, both between and within each caspase type.
Ancestral protein reconstruction
The sequences used for the APR between D. rerio Caspases-3a and -3b were acquired from the CaspBase by selecting the Chordata_Actinopteri, Chordata_Amphibia, and Chordata_Chondrichthyes from the "Phylum_Class" menu. In addition, a few selected taxa from the "individual species" menu were included to help articulate the tree, such as C. intestinalis, as were sequences from aves and mammals. We then selected caspases-2, -3, -6, -7, and -8, and the CaspBase returned 217 sequences that matched all of the criteria (Supplemental File 6: APR_MSA.fasta). We removed the pro-domains since they are not informative to our purposes and the sequences open many gaps in the MSA, contributing to phylogenetic noise that is likely to yield ambiguous results. The resulting file was uploaded to the PRO-MALS3D server. The CP_MSA was used again for constraints.
We determined the best model of evolution to construct a phylogenetic tree from our dataset with Prottest 3 (https://github.com/ddarriba/prottest3). 49 The phylogenetic tree was computed with the maximum likelihood method in IQTREE, 48 using the Jones-Taylor Thornton model (JTT) with a gamma distribution. No test for confidence of phylogeny was used for this example APR; however, 100-1000 bootstraps are recommended. The MSA and tree file were uploaded to the FastML server (http://fastml.tau.ac.il/), 50 and a joint reconstruction was calculated with the default settings for amino acid sequences. The nodes of interest between D. rerio Caspases-3a and -3b were identified with the reconstructed tree, and the tree was visualized in FigTree v1.4.2.
